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Materials and Methods
Chemicals and oligonucleotides. Methionine, adenosylcobalamin (AdoCbl) and Sadenosylmethionine (SAM) were purchased from Sigma. Oligonucleotides used as qRT-PCR primers were synthesized by Sigma Proligo and provided as 100 µM stocks. All other oligonucleotides were synthesized by the HHMI Biopolymer/Keck Foundation Biotechnology Resource Laboratory, Yale University, and provided as lyophilized pellets.
In-line probing assays. Structural analyses and binding affinities of ligands were established by using in-line probing (1) with 5΄ 32 P-labeled RNAs derived from the leader sequence upstream of the metE gene using methods described previously (2) (3) (4) . RNAs were transcribed in vitro using T7 RNA polymerase from DNA templates generated by PCR from B. clausii strain NRRL B-23342 genomic DNA (Bacillus Genetic Stock Center, Columbus, OH) with the primers indicated below. Appended nucleotides are underlined and include the promoter for T7 RNA polymerase and G residue(s) included to aid transcription efficiency.
Primer name
Sequence (5΄ to 3΄) 405-for (144-for) TAATACGACTCACTATAGGAACACATTTTCATAAAAACACTCTTATAA 405-rev (220-rev) GAATTGGAAAGTTAGCCAAT 144-rev TTGTTTTCACGAAATGAATCCCC 220-for TAATACGACTCACTATAGGATGCAAACAGGTGCGGCTTTTGCC For in-line probing reactions with SAM, ultra-low concentrations (~50 pM) of labeled RNA was incubated for 40 hrs at 23ºC in buffer (20 mM MgCl 2 , 100 mM KCl, 50 mM Tris [pH 8.3 ] at 23ºC) with concentrations of SAM ranging from 0 to 10 µM SAM. A similar procedure was followed for in-line probing reactions with AdoCbl, except ~10 nM of labeled RNA was used, ligand concentrations ranged from 0 to 100 µM AdoCbl, and the reactions were performed in the dark to prevent light-induced breakdown of the compound. After incubation, reactions were quenched with urea loading buffer and spontaneously cleaved products were separated using 10% denaturing polyacrylamide gel electrophoresis (PAGE). Fig. S2 shows a typical in-line probing gel visualized and quantified using a Storm PhosphorImager (Molecular Dynamics).
The normalized fraction cleaved at each ligand concentration was determined for several sites of modulation, and the data for sites in the same aptamer were averaged to generate the composite plots shown in Figs. S3 and S4 (1 minus fraction cleaved was used for sites where ligand binding increases the extent of cleavage). The data was then fitted to the standard twostate dissociation model to determine the dissociation constant of the ligand (best-fit curves are shown).
Quantitative RT-PCR (qRT-PCR).
Total RNA samples were isolated by Trizol (Invitrogen) extraction from B. clausii NRRL B-23342 cultures grown overnight to stationary phase in culture tubes with shaking at 37ºC in defined media (see In vivo gene reporter assays protocol below) with addition of vitamin and trace metal solutions (does not contain cobalamin derivatives or cobalt) required for continuous cultivation (5) . Strain NRRL B-23342 is not a methionine auxotroph, and therefore we expect that partial repression of SAM riboswitches can occur due to the natural production of methionine and SAM by cells, which can be further repressed by adding excess methionine to the media. Total RNA samples were recovered from cells grown with defined media without supplementation (-/-) and with defined media supplemented with 50 µg/mL methionine (+ Met), 250 µM adenosylcobalamin (+ AdoCbl), or both compounds (+/+). As expected, cultures supplemented with methionine grew at rates that were similar to nonsupplemented cultures. cDNAs were generated from 2 µg of total RNA by reverse transcription with random hexamer primers and SuperScript III RT at 55ºC. Four sets of primers were designed corresponding to the indicated regions of the transcript, and a set of primers was designed for the endogenous control (16S rRNA).
Primer name
Sequence CGCTCAATGTTACGGGCAAT PCR product corresponding to each primer pair was amplified from cDNA samples using the PowerSYBR Green master mix containing hot-start polymerase. The reactions were performed on a 96-well reaction plate and reporter fluorescence was measured using an ABI 7500 Real-time PCR system (Applied Biosystems). The thermal cycling conditions used were 15 sec at 95ºC, then 45 sec at 60ºC for amplicon lengths ~75 nt (55 sec at 60ºC for amplicon lengths ~85 nt). C t (cycle threshold) values were determined using the ABI 7500 SDS software with automatic baseline and threshold determination and averaged from triplicate samples.
Transcript levels were quantified using the relative standard curve method as described in Applied Biosystems' "Guide to Performing Relative Quantitation of Gene Expression Using Real-Time Quantitative PCR". Briefly, a standard curve for each PCR product was generated by measuring the C t values for a series of dilutions (1:20 to 1:160) for the -/-cDNA sample. The linear correlation for all standard curves are ≥0.998, and the efficiencies for the amplification reactions are 90% (UTR-1), 84% (UTR-2), 86% (ORF-1), 95% (ORF-2), 93% (16S RNA, 45 sec at 60ºC cycle), and 96% (16S RNA, 55 sec at 60ºC cycle).
Quantities of target molecules were determined by inputting the average C t values measured for each sample into the appropriate standard curve. Normalized transcript amounts were calculated by dividing by the target quantity of the endogenous control (16S RNA). Finally, relative transcript amounts were calculated by dividing the normalized values by the normalized value of the calibrator condition, which was chosen to be the -/-condition.
In vitro transcription termination assays. Synchronized single-round transcription reactions were performed using methods similar to published protocols (6, 7) . DNA templates generated from the B. clausii strain NRRL B-23342 genomic DNA showed poor transcription yield with E. coli RNA polymerase compared to other riboswitch templates. Therefore, chimeric templates were constructed that contained the B. clausii riboswitch sequence and a lysine riboswitch promoter region from B. subtilis, which was previously used in other transcription termination experiments (8) .
Sequence (5΄ to 3΄) SUD242-for TACGACAAATTGCAAAAATAATGTTGTCCTTTTAAATAAGATCTGATA AAATGTGAACTAATTTG ATAGATTTTCATAAAAACACTCTTATAACG SUD235-rev GGGGATCCTCTCACTTTGCTCAAATTTCTCCACCCCTTCATGTTTTTA All experiments involving AdoCbl were conducted in brown microfuge tubes. The initiation reaction mixture (50 µL) contained transcription buffer (50 mM Tris·HCl [pH 7.5 at 25°C], 10 mM MgCl 2 , 50 mM KCl), 100 nM dsDNA template, initiation NTPs (1 µM ATP and GTP, 0.4 µM UTP), 200 µM ApA, 10 µg/mL BSA, 33 nM α-32 P-radiolabeled UTP and 88 nM E. coli RNA polymerase holoenzyme (EpiCentre). The reaction was incubated for 10 min at 37°C and elongation was initiated by adding a mixture of 6.25 µL elongation NTP mix (fresh stock: 5 µL 10X transcription buffer, 10 µL 20 mg/ml heparin, 5 µL 1 mM each NTP, 30 µL water) and 6.25 µL 10X ligand mix (10 mM SAM and 50 mM AdoCbl for the data in Fig. S4 ). 10 µL aliquots were removed at suitable time intervals (5 min to 2 h) and treated as described for inline probing reactions.
The fraction of each transcription product was calculated by PhosphorImager using ImageQuant Software (Molecular Dynamics). Values for 80 minutes incubation time were normalized to the sum of products shown in the gel images ( Fig. S5A and S5B) and were compared bewteen ligand conditions (Fig. S5C) . The positions of pause and termination sites were mapped using alkaline and T1 RNase digestion products of full length RNAs as markers (data not shown).
Construction of reporter fusions and riboswitch mutants.
The tandem SAM-AdoCbl riboswitches from B. clausii were fused with the β-galactosidase reporter gene and integrated into the genome of B. subtilis strain 1A1 (Bacillus Genetic Stock Center, Columbus, OH) at the amyE locus using methods previously described (9) . Nucleotides -552 to +6 relative to the translation start site of the metE open reading frame were PCR amplified as an EcoRI-BamHI fragment from B. clausii strain NRRL B-23342 genomic DNA. The wild-type construct was cloned into the transcriptional reporter plasmid pDG1661 (obtained from the Bacillus Genetic Stock Center, The Ohio State University, Columbus Ohio). The cloning sites used were EcoRI and BamHI from 5΄ to 3΄. Cloning and integration in to the chromosome were carried out as described previously (8) (9) (10) . Reporters fused to disrupted mutants of the tandem riboswitches were generated using the Quickchange site-directed mutagenesis kit (Strategene) on the above construct with appropriate mutant primers. M1 and M2 correspond to disruptive mutations that have previously been characterized for the individual SAM (10) and AdoCbl (2) riboswitches. The integrity of all constructs were verified by sequencing (HHMI Biopolymer/Keck Foundation Biotechnology Resource Laboratory, Yale University).
In vivo gene expression reporter assays. Individual colonies of B. subtilis 1A1 containing the riboswitch-reporter fusion were incubated overnight with shaking at 37ºC in 2XYT containing 5 µg/mL chloramphenicol, followed by 1:20 dilution into defined media (0.5% w/v glucose, 2 g/L (NH 4 ) 2 SO 4 , 18.3 g/L K2HPO 4 ·3H2O, 6 g/L KH 2 PO 4 , 1 g/L sodium citrate, 2.5 mM MgCl 2 , 5 µM MnCl 2 , 0.5 mM CaCl 2 , 50 µg/mL tryptophan) for 1.5-2 hrs. Cultures then were diluted in the defined media to a final A 600 of 0.1 and 150 µL of each was transferred into wells of a sterile 96-well plate and supplemented with nothing, 50 µg/mL methionine, 250 µM AdoCbl, or both compounds. After incubation for 4 hrs at 37ºC the β-galactosidase assay was carried out using a protocol similar to an adaptation of the Miller assay (11) for the 96-well format (12) .
Briefly, cell permeabilization was performed on a polypropylene 96-well plate by chloroform/SDS treatment, then permeabilized cells were added to a fresh 96-well flat-bottom optical plate with the enzyme substrate, o-nitrophenyl-β-D-galactopyranoside (ONPG). The reactions were incubated at 23ºC, and ONPG cleavage was monitored at various time points by measuring A 414 and A 550 on a Beckman Coulter DTX 880 Multimode Detector. All samples were repeated in triplicate or quadruplicate wells.
The absorbance of media not containing cells was subtracted from the absorbance of the corresponding ONPG reactions. This step was important for samples containing AdoCbl because its presence in high concentrations leads to a highly colored solution. Although we observed that the amount of AdoCbl used in this study (250 µM) does not lead to full repression of the reporter gene (unpublished data), this concentration minimizes the contribution of the compound to the absorbance signal.
Since 1A1 is not a methionine auxotroph, growth in the defined media appears to generate enough SAM to cause significant basal repression of the reporter controlled by the tandem SAMAdoCbl riboswitches. This effect is apparent when one compares the β-galactosidase activity of reporter fusions with wild-type versus M1 metE riboswitch constructs. In the absence of supplementation the M1 mutant, which no longer responds to SAM, has ~16-fold more activity than does wild type (Fig. 4 ). This suggests that B. subtilis produces methionine, and eventually SAM, at a level that significantly represses the SAM riboswitch of the transgenic metE-reporter fusion, although adding methionine to the growth medium causes even greater repression.
Regulation of MetE protein expression
Rationale for two riboswitches in metE mRNAs. Many bacteria can produce two proteins (MetE and MetH) that independently catalyze the formation of methionine from homocysteine ( Fig. 1B) (13) . The MetE enzyme catalyzes the direct transfer of a methyl group from N5 of a polyglutamyl derivative of methyltetrahydrofolate (5-MeTHF) to homocysteine. As a result, the MetE enzyme is less efficient than the MetH enzyme, which uses methylcobalamin (MeCbl, a derivative of AdoCbl) as a more reactive intermediary methyl group donor (14) (15) (16) . Therefore, expression of the metE mRNA is repressed when AdoCbl is available (15) (16) (17) because cells can more efficiently produce methionine, and ultimately SAM, by expressing the metH gene.
Control of MetE expression in other organisms
. SAM I class of riboswitches are confined mostly to firmicutes and a few actinomyces (e.g. streptomyces). Within this group there are only a few bacteria that have both metE and metH, and these typically synthesize AdoCbl. In many bacteria, downregulation of the metE gene is carried out to preferentially use the more efficient AdoCbldependent enzyme coded by the metH gene. With the exception of B. cereus, bacteria that do not import or biosynthesize AdoCbl precursors typically do not have a metH gene. The MetH and MetE isozymes are found almost exclusively in bacteria that both import and biosynthesize AdoCbl.
In bacteria that make their own AdoCbl, a tandem riboswitch most likely is not very useful for regulating metE, since AdoCbl deficiency might be too rare for the cell to gain a strong selective advantage by maintaining gene control efficiency via tandem riboswitch action. However, the occurrence of AdoCbl deficiency (e.g. due to cobalt ion deficiency) might occur with sufficient frequency as to create a selective advantage for those organisms that carry metE. In contrast, organisms that only depend on the import of AdoCbl or its immediate precursors most likely experience frequent deficiencies in this coenzyme. Therefore, the costs for maintenance of a tandem riboswitch for metE control are more likely to be offset by the gain in metabolic efficiency experienced by organisms such as B. clausii.
In Gram-negative bacteria such as Escherichia coli, the MetJ protein serves as a SAM sensor and gene regulator, thus making SAM riboswitches unnecessary (18) . The expression of metE in E. coli requires a positive activator protein MetR and a co-activator homocysteine (19) . Under abundant AdoCbl concentrations, the methylcobalamin dependent MetH protein converts homocysteine to methionine. Under these conditions, MetR does not have enough homocysteine to activate metE. Therefore, repression of metE is an indirect effect of the presence of AdoCbl caused by a reduction of homocysteine levels. When methionine is abundant in the media, SAM concentrations are high in vivo and this causes the MetJ protein to repress both the metH and metE genes. This is also the case in several Gamma subdivision enterobacteriales (see cited papers in the main text and references therein).
Although the concentrations of SAM and AdoCbl jointly control the expression of metE genes in many bacteria, tandem riboswitches in B. clausii directly sense the concentrations of these two compounds, while E. coli uses protein sensors to directly establish SAM concentration and to indirectly sense AdoCbl concentrations. (((,,,, 
clausii KSM-K16 ------AACA-------UUU----------AUU----------------CGUGAAGUCAGAUUGCCUGCCUGUUUGUACUGCUUGACU B. clausii NRRL B-23342 ------AACA-------TCC----------AUU----------------CGUGAAGUCAGAUUGCCUACCUGUUUGUACUGCUUGACU B12 CONSENSUS
*****.RYCACUG**.****..**YGGGAAGGY************....*Y*YRAGYC*GRA*RCY*RCY****************** ---->>>,,,,) The consensus sequences are based upon sequence alignments of all currently available putative SAM-I or cobalamin riboswitches identified by bioinformatics (currently, 502 and 671 representative hits, respectively). Red and black nucleotides are conserved in >95% and >80% of representative motifs, respectively. Also shown is the consensus secondary structure model based upon bioinformatic analysis; base-paired stems are numbered in the convention previously established for the individual riboswitches. Conserved stems P8 and P9 are not present in the AdoCbl motif of the tandem riboswitch, similar to the variant that occurs in Bacillus subtilis (17) . 
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Fig. S3. Plots used to derive K D values (left) and comparisons of K D values for various constructs (right).
The levels of spontaneous RNA cleavage at various sites (see Fig. 2 and Fig. S2 Note that the K D values determined for each aptamer in the tandem configuration are similar to those determined for truncated constructs that carry only the SAM (144 metE) or AdoCbl (220 metE) aptamers (see also Fig. S4 ).
Fig. S4. Dissociation constant determinations for truncated constructs established from inline probing data.
See Figure S3 for more details. The data in Fig. 3B and Fig. S6 are for a different set of bacterial cultures than the data analyzed and described in Fig. 3C and Fig. S7 . In both sets of samples, the same pattern of repression was observed under all conditions. The relative abundance of transcripts that carry the SAM riboswitch (amplification at location UTR-1) changes less than three fold in cells grown in the presence of methionine and AdoCbl, whereas the same growth conditions cause a ~40-fold change in full-length transcript abundance. Similarly, the number of transcripts that carry the SAM riboswitch and the AdoCbl riboswitch (UTR-2) decrease appreciably as SAM is made plentiful by the addition of methionine to the growth medium. In contrast, AdoCbl supplementation significantly decreases only the abundance of transcripts that carry the ORF sections. Fig. S8 are derived from measurements taken from at least three parallel assays. The consensus sequences (Con) and secondary structure elements (Str) corresponding to each aptamer domain are based on information from all members of the respective riboswitch classes that have been identified to date using bioinformatics methods (the consensus corresponding to the guanine riboswitch was generated with information from both the guanine and adenine aptamer subclasses). Consensus nucleotides occurring in >95% and >80% of these examples are indicated in red and black, respectively. Basepaired regions within each riboswitch domain are indicated by highlighting (guanine aptamer: P1, pink; P2, blue; P3, green; ykkC motif: P1a, violet; P1b, red; P2, yellow; predicted intrinsic transcription terminator: gray). The short, purine-rich linker domain joining these two motifs is denoted by blue, boldface type. For each motif, nucleotides in red are conserved in >95% of the known examples. The linker sequence is highlighted in yellow. Regions highlighted in blue depict complementary sequences that could result in alternative base-pairing interactions. Note that the strong possible base pairing between the core of the guanine aptamer and portions of the terminator would be disrupted when guanine is bound (expected genetic OFF switch). In contrast, the conserved nucleotides of the ykkC aptamer overlap with the terminator stem, such that ligand binding to this aptamer should disrupt terminator formation (expected genetic ON switch). Moreover, ligand binding to the ykkC aptamer should override the OFF state established upon guanine binding.
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.R.. Tte UGUACCU-AGGGUUCCAGCCUG---------GCAA---------CAGGCGUUCGGUCCGAGCGGUACA-GGUAUAUGG--GUUU--CCAUAUACC
Tet UGUACCU-AGGGUUCCAGCCUA---------UUUA---------UAGGUGUUCGGACCGAGCGGUACA-GGUAUAU----UUU-----AUAUACC Mth UGUACCUCAGGGUUCCGCGCGAA-------GGUUAU-------UUCGCGGCUAGGUCCGAGUGGUACA-GGCAC------UUUU------GUGCU Ame UGUACCU-AGGGUUCCGUUCUUCUUAUAUG-AUA--CAUGAGAGAAGAAGCA-GGUCCGAGCGGUACAAGCAUA------UCA-------UAUGC Hor UGCACCU-AGGGUUCCGCUGUUCAGC----UGUCU----GCUGACCUGGUCU-GGUCCGAGUGGUGCA-GGUAUGCACU-UUU--GGUGUAUACU Dre1 UGUACCU-AGGGUUCCACAAUC--------UUUUUA--------GGUUGGUUUGGUCCAAGCGGUACA-GGCGU-----AUUACA-----GCGCU Dre2 UGUACCU-AGGGUUCCACAACC---------UUU----------GGUUGGUUCGGACCGAGCGGUACA-GGCGU------CAGC------GCGCU Dre3 UGUACCU-AGGGUUCCACAACCC-----CUUCCUUUU-----GGGUUUGGUUUGGUCCGAGCGGUACA-GGCGUU-----UUU------AGCGCU
.GGGAYAAAAGCCYRGRRGR
The table lists predicted genetic responses of the tandem riboswitch to various concentrations of guanine and the putative target ligand of the ykkC motif. If this composite riboswitch is viewed in terms of Boolean logic functions, this type of output would be analogous to an 'implication gate'. To simplify these predictions, ligand concentrations were considered to be either exceedingly low or saturating. Broader ranges of ligand concentrations are likely to be encountered in cells, however, and would probably yield genetic outputs that vary between the extremes. (((,,<<<<<<___>>>>>>,,,,,..<<<<<____.>>>>>...........,,))) -((((((.((,,,,,,(((((,<<<<<----<<<<____>>>>---->>>>>,,, ((((,,,,,,(((((,<<<<<----<<<<____>>>>---->>>>>,,,,<<<<<<<<<<_______>>>>>>>>>>,,,) 
Tandem ykoK GCAGGUGAACGAAAUG
NOTES: Annotations for consensus sequences and secondary structures in Fig. S11 are the same as described in the legend for Fig. S1 . Additionally, putative terminators are marked with brackets, and the start codon for the downstream gene is underlined. 
